Abstract The cave molly, Poecilia mexicana, from the Cueva del Azufre, a sulfur cave in Tabasco, Mexico, ranks among the best-studied cave fishes worldwide, despite being known from a single population only. Here we describe a newly discovered second population of cave-dwelling P. mexicana from a nearby, but mostly non-sulfidic cave (Luna Azufre). Despite apparent similarities between the two populations (such as reduced eye diameter and reduced pigmentation), a geometric morphometric analysis revealed pronounced morphological differentiation between the two cave forms.
Introduction
More than 100 species of teleost fishes permanently live in subterranean habitats (Proudlove 2006) . Although the understanding of the diversity of hypogean fishes has increased steadily, the ecology and evolution of most species are still poorly examined, and detailed information is restricted to just a few systems (e.g., Poulson 1963; Strecker et al. 2003; Wilkens and Strecker 2003; Jeffery 2005) .
One of the best studied cave fishes is the cave molly (Gordon and Rosen 1962) , a distinct population of the Atlantic molly, Poecilia mexicana. The Atlantic molly is widespread in freshwater surface habitats along the Atlantic versant of Central America (Miller 2005) . Compared to conspecifics from surface habitats, fish from the cave population have reduced albeit functional eyes and reduced pigmentation (Gordon and Rosen 1962; Walters and Walters 1965; Peters et al. 1973; Körner et al. 2006) . Furthermore, cave mollies have reduced a set of behavioral traits, such as shoaling, aggression (Parzefall 1993) , and the intensity of male sexual activity (Plath et al. 2003) . On the other hand, cave mollies show a series of traits, most of which seem to improve communication and orientation in darkness and are absent in mollies from surface habitats. Female cave mollies exhibit a distinct genital pad that is absent in epigean fish. Supposedly, this pad secretes chemical cues that play a role during reproduction (Walters and Walters 1965; Zeiske 1968; Parzefall 1970 Parzefall , 1973 and are perceived by males during pre-mating behavior (nipping) utilizing the increased number of taste buds on their heads (Parzefall 1970) . Furthermore, cave mollies exhibit a hyper-developed cephalic lateral line system (Walters and Walters 1965; Parzefall 2001) , which has been documented to mediate spatial orientation in other cave fishes (Abdel-Latif et al. 1990; Burt de Perera 2004) . On a behavioral level, cave mollies have evolved the ability to assess mate quality (such as the size or the nutritional state of mates) in darkness, whereas surface fish rely mainly on visual cues and are unable to assess mate quality in the absence of light (Plath et al. 2004 (Plath et al. , 2005 .
The cave molly has only been reported from one cave, the Cueva del Azufre, in the state of Tabasco, Mexico (Gordon and Rosen 1962; Parzefall 2001) . Its habitat is characterized not only by complete darkness (although some of the front cave chambers receive some light through openings in the ceiling), but also by high concentrations of hydrogen sulfide (H 2 S) and hypoxic conditions (Gordon and Rosen 1962; Tobler et al. 2006) . Hydrogen sulfide is a potent respiratory toxicant and is lethal for most metazoans even in micro-molar amounts (Bagarinao 1992; Grieshaber and Völkel 1998) . Parzefall (2001) notes that the cave molly may have an increased H 2 S tolerance, but generally the effects of H 2 S on the evolutionary ecology of the cave molly are only poorly understood. A behavioral adaptation (aquatic surface respiration), by which fish exploit the oxygen-rich air-water-interface, seems to mediate the short-term survival of cave mollies in the toxic environment (Plath et al. submitted) .
Recently, Pisarowicz (2005) reported the discovery of a new cave, the Luna Azufre, in the vicinity of the Cueva del Azufre that is also inhabited by a molly population. Mollies from both caves share characteristics such as reduced eyes and pigmentation (Fig. 1) . Here we provide the first comparison of the newly discovered cave-dwelling population with fish from the Cueva del Azufre using geometric morphometrics. Furthermore, we present data from the first environmental survey comparing the two different habitats.
Materials and methods

Study sites
The caves studied are located near the village of Tapijulapa in Tabasco, Mexico. Cave mollies (males N = 6; females N = 26) were collected in the newly discovered Luna Azufre just south of the Entrada Marabunda in January 2006 ( Fig. 2; Pisarowicz 2005) . For a comparison, cave mollies (males N = 10; females N = 10) also were collected in chamber V of the Cueva del Azufre during the same expedition (see Gordon and Rosen (1962) for a map of the Cueva del Azufre). Fish were sacrificed by overdose of MS222 and preserved on site in 10% formalin for later investigation.
Geometric morphometric analysis
Each specimen was photographed on a millimeter grid using a Nikon D70 digital camera. Because of distinct sexual dimorphism (male poecillids have a modified anal fin used for sperm transfer) males and females were analyzed separately. Thirteen landmarks were digitized on each specimen using tpsDig (Rohlf 2004) : the tip of the upper jaw (1); the anterior (2) and posterior (3) margin of the eye; the anterior (4) and posterior (5) junction of the dorsal fin with the dorsal midline; the junction of the caudal fin with the dorsal (6) and ventral (7) midline; the anterior (8) and posterior (9) junction of the anal fin with the ventral midline; the anterior junction of the pelvic fins and the ventral midline (10); the bottom of the head where the operculum breaks away from the body outline (11); the upper end of the operculum where it connects to the body (12); and the dorsal junction of the left pectoral fin with the body (13).
Data were translated to NTS format using tpsUtil (Rohlf 2006) . Subsequent analyses were performed using the thin-plate spline software tpsRegr (Rohlf 2005) . Landmark coordinates were aligned using least-squares superimposition to remove effects of translation, rotation, and scale, and a consensus configuration was calculated. Cartesian transformation grids were generated illustrating the relative shape differences among populations. Furthermore, superimposed coordinates were subjected to a principal components analysis (PCA). Ten principal components, which accounted for 91.7% and 97.4% of the total shape variation in females and males, respectively, were included as dependent variables in a MANCOVA, in which 'population' was used as independent variable and 'centroid size' as a covariate to control for the effect of body size. The assumptions of normal distribution and homogeneities of variances and covariances were met for these analyses. Furthermore, discriminant function analysis was used to test whether individuals were correctly assigned to the population of origin.
Color polymorphism Besides differences in shape we also investigated the distinct color polymorphism known from cave mollies in the Cueva del Azufre. Whereas the majority of the fish are pale, some show yellow coloration (Gordon and Rosen 1962; Parzefall 2001) . We recorded the presence of both color morphs in the Luna Azufre and compared their relative frequencies to the Cueva del Azufre population using a v 2 -test. Data for the Cueva del Azufre were collected during a survey in cave chambers III, IV, V, XI and XIII in August 2004.
Length/weight relationship
Cave mollies from the Cueva del Azufre also are reported to have an eminently lower body condition factor (i.e. a lower weight per given standard length) than populations from surface habitats (Plath et al. 2005; Tobler et al. 2006) , and their short-term survival is critically dependent on energy availability (Plath et al. submitted) . We compared the length/ weight relationship between the two cave population using an ANCOVA with 'ln(weight)' as dependent variable, 'population' and 'sex' as independent variables, and 'ln(standard length)' as covariate. The assumptions of normal distribution and homogeneity of variances were met.
Environmental conditions
Water parameters were measured using a Hydrolab Multisonde 4A (Hach Environmental). Measurements and calibration of probes were conducted according to the manufacturer's recommendations. Specific conductance was measured in mS Á cm
À1
, dissolved oxygen in mg Á l À1 and % saturation, and turbidity using a shuttered turbidity probe in nephelometric turbidity units [NTU] . For the determination of H 2 S concentrations in the Luna Azufre, 1 ml of water was injected into a vial containing 1 ml of zinc acetate (0.12 M with 0.5 ml NaOH 1.5 M in a N 2 -atmosphere) using a syringe. The vials were stored at room temperature and photometric measurements were conducted later in the laboratory according to Cline (1969) . To further check for the presence of H 2 S in the Luna Azufre, H 2 S was also measured in the air using an Industrial Scientific Gas Badge Pro 1 .
Results
Geometric morphometric analyses
Both allometry (centroid size) and population identity had a significant effect on the shape variation among females of the two populations (Table 1A) . The discriminant function analysis correctly assigned 100% of the specimens to the population of origin (see Table 2 for equality test of means). The consensus configuration and the Cartesian transformation grids for females are presented in Fig. 3A -C. By inspection of these grids, pronounced differences in body shape between females from the Luna Azufre and the Cueva del Azufre were found with a smaller head and a higher caudal peduncle in females from Luna Azufre. The MANCOVA could not detect significant effects of allometry and population among males (Table 1B; likely this is an effect of the small sample size of N = 16); the discriminant function analysis correctly assigned 87.5% of males to the population of origin, whereas two males from the Cueva del Azufre were misclassified to the Luna Azufre population ( Table 2 ). The consensus configuration and the Cartesian transformation grids for males are shown in Fig. 3D-F . Although no significant differences could be detected between males from the different population, there is a trend of males from the Luna Azufre having smaller heads and a higher caudal peduncle as it was found in the females.
Color polymorphism
The distinct color polymorphism with pale and yellow morphs is not only present in cave mollies from the Cueva del Azufre, but also in the Luna Azufre population. The frequency of the yellow morph was significantly higher in the Luna Azufre population compared to the Cueva del Azufre population (Luna Azufre: 18 of 49 individuals yellow (37 %); Cueva del Azufre: 21 of 391 individuals yellow (0.5 %; v 2 : 53.03, P < 0.001). Length/weight relationship As expected, there was a strong positive relationship between standard length and body weight ( Fig. 4 ; F = 371.29, P < 0.001), but there were no differences between the two cave populations (F = 0.31, P = 0.580). Males were significantly lighter than females (F = 12.87, P = 0.001). The interaction term of 'population' and 'sex' was not significant (F = 0.52, P = 0.474).
Environmental conditions
Measurements of the abiotic habitat characteristics in five different pools inside the Luna Azufre yielded the following results (mean ± SD): Temperature 27.5 ± 4.38C, specific conductivity 3.613 ± 1.255 mS, pH 7.1 ± 0.0, oxygen content 1.65 ± 0.54 mg l À1 and relative oxygen saturation 22.0 ± 7.7%. The two H 2 S samples taken revealed concentrations of 4 mM H 2 S in a spring and 0 mM in a stagnant pool south of the Entrada Marabunda. No hydrogen sulfide was detected in the air.
Discussion
The new population of cave mollies from the Luna Azufre described here is only the second cavernicolous population of a poeciliid fish known to date.
Similarities in appearance between cave mollies from the Luna Azufre and the nearby Cueva del Azufre, are evident. Compared to surface populations, both cave populations have reduced eyes and reduced pigmentation (Gordon and Rosen 1962; Parzefall 2001) . However, the geometric morphometric analysis revealed that the females of the new population are morphologically distinct from the population of the Cueva del Azufre in that individuals from the Luna Azufre have shorter heads and a higher caudal peduncle. The same trend, albeit not significant, was observed for the males. The biological significance of these traits is as yet unknown. The differences among the populations may be the result of phenotypic plasticity as suggested for other cave-dwelling organisms (see Romero and Green 2005 for a review). The cave environment in the Luna Azufre differs from the Cueva del Azufre by the generally much lower H 2 S concentrations. Inside the Cueva del Azufre, H 2 S concentrations can reach more than 300 mM (Tobler et al. 2006) . This is also reflected by the low abundance of sulfur oxidizing bacteria in the Luna Azufre, which cover almost all wet surfaces in the Cueva del Azufre (Pisarowicz 2005; Tobler et al. personal observation) . Caves are usually considered to be energy-poor habitats (Poulson and Lavoie 2000) , but because of the presence of bacterial primary production and the input of bat guano, the Cueva el Azufre was suggested to be energy-rich even compared to surface habitats (Langecker et al. 1996) . Bats and accumulations of bat guano can also be found in the Luna Azufre and likely provide the energy basis for the cave ecosystem.
Although the Cueva del Azufre is considered to be an energy-rich habitat, the mollies inhabiting the cave appear to be malnourished (Plath et al. 2005; Tobler et al. 2006) and energy availability affects the shortterm survival of the fish (Plath et al. submitted) . It has been hypothesized that the low body condition is caused by costly adaptations necessary to cope with the high concentration of H 2 S (Tobler et al. 2006; Plath et al. submitted ). This idea is not supported by data on mollies from the Luna Azufre, where very low concentrations of H 2 S were detected. Here, length/weight relationships did not differ significantly from that at Cueva del Azufre. This points to low energy availability in the Luna Azufre where chemoautotrophic primary production by sulfide-oxidizing bacteria likely plays an insignificant role. The effects of energy availability and the presence of H 2 S on the body condition of cave mollies certainly warrant further investigations. Both cave populations contain yellow morphs, but the frequency of the yellow morph differs significantly between the caves. This and the morphological differences observed indicate that the populations may be isolated. Although the caves are in close proximity, they are located within different hills that are separated by a surface valley. Previous research has shown that mollies from the Cueva del Azufre are reproductively isolated from the adjacent surface populations and that there is genetic structure even among mollies from different cave chambers within the Cueva del Azufre (Plath et al. 2007 ). Therefore it is unlikely that gene-flow between the Luna Azufre and the Cueva del Azufre populations exists; however population genetic analyses are needed to determine the extent of genetic isolation.
The cave molly system includes not only the two cave populations, but also closely related populations in adjacent surface habitats (sulfidic and non-sulfidic). This cluster of populations living under vastly different environmental conditions provides a unique system to study ecological diversification. The discovery of an additional cave population living in low-sulfide conditions is a keystone for future research on local adaptation and adaptive diversification in Poecilia mexicana.
